Abstract-Coronary patients with low baseline ratios of serum cholestanol and plant sterols to cholesterol (indicating low cholesterol absorption) but not those with high ratios (high absorption) experienced reduced recurrences of coronary events during simvastatin treatment in the Scandinavian Simvastatin Survival Study. Thus, in the present study, serum cholesterol, its precursor sterols (reflecting cholesterol synthesis), plant sterols (campesterol and sitosterol), and cholestanol were measured before and during a 5-year period of placebo treatment (nϭ433) and simvastatin treatment (nϭ434) in patients from a subgroup of the Scandinavian Simvastatin Survival Study to determine whether changes in cholesterol synthesis and serum levels were related to cholesterol absorption. Serum cholesterol level was unchanged, the ratios of cholesterol precursor sterols to cholesterol were decreased, and the ratios of plant sterols to cholesterol were increased in relation to increasing baseline ratios of cholestanol quartiles. The latter predicted 5-year ratios and simvastatin-induced reductions of the precursor sterols, with the lowering of the ratios (cholesterol synthesis reduction) being almost twice higher in the lowest versus the highest quartile. The ratios of plant sterols, especially campesterol, to cholesterol were markedly increased during simvastatin treatment, mostly in subjects with the highest baseline cholestanol quartiles. Simvastatin reduced serum cholesterol more (Pϭ0.003) in the lowest versus the highest cholestanol quartile during the 5-year treatment period. The results show for the first time that baseline cholesterol metabolism, measured by serum noncholesterol sterols, predicts the effectiveness of simvastatin in reducing cholesterol synthesis and serum levels of cholesterol. The drug suppresses the synthesis of cholesterol markedly more effectively in subjects with high than with low baseline synthesis but reduces respective serum cholesterol levels less markedly than synthesis. Subjects with high cholesterol absorption and low synthesis may need a combination therapy to lower more effectively their serum cholesterol levels and prevent an increase in the levels of plant sterols. Key Words: simvastatin Ⅲ cholesterol lowering Ⅲ cholestanol Ⅲ lathosterol Ⅲ sitosterol H uman serum contains small amounts of the precursors of cholesterol synthesis, including squalene and methylated and demethylated precursor sterols. 1,2 From among the latter sterols, cholestenol, desmosterol, and lathosterol can easily be quantified by gas liquid chromatography (GLC), 3 and the whole precursor sterol group is positively related to cholesterol synthesis. 1,2,4 -9 In addition, there are other noncholesterol sterols in serum, the most prominent of which are cholestanol and plant sterols (campesterol, sitosterol, and avenasterol). The higher the ratio of these sterols to cholesterol in serum, the higher is cholesterol absorption efficiency. 8,10,11 Accordingly, ratios of noncholesterol sterols to cholesterol reflect absorption and synthesis activity of cholesterol, especially their changes by dietary or drug treatments in humans. Preliminary studies of the Finnish subgroup of the Scandinavian Simvastatin Survival Study (4S) 12 revealed that in relation to the placebo group, inhibition of cholesterol synthesis by simvastatin reduced the ratios of the cholesterol precursor sterols to cholesterol by up to one third for the 5-year period of the 4S, increasing correspondingly the ratios of cholestanol and plant sterols to cholesterol. Coronary patients with the highest basal ratios of cholestanol to cholesterol did not show reduced recurrence of coronary events during the simvastatin treatment, whereas those with the lowest respective ratios were benefited by simvastatin treatment compared with placebo. 13 It was tempting to interpret the findings on the basis of the different effects of statin in patients with varying absorption and/or synthesis of cholesterol. Thus, patients with a low ratio of cholestanol to cholesterol were considered to have low absorption and high synthesis of cholesterol, a situation that could be ideal for inhibition of cholesterol synthesis by statins. On the other
H uman serum contains small amounts of the precursors of cholesterol synthesis, including squalene and methylated and demethylated precursor sterols. 1, 2 From among the latter sterols, cholestenol, desmosterol, and lathosterol can easily be quantified by gas liquid chromatography (GLC), 3 and the whole precursor sterol group is positively related to cholesterol synthesis. 1,2,4 -9 In addition, there are other noncholesterol sterols in serum, the most prominent of which are cholestanol and plant sterols (campesterol, sitosterol, and avenasterol). The higher the ratio of these sterols to cholesterol in serum, the higher is cholesterol absorption efficiency. 8, 10, 11 Accordingly, ratios of noncholesterol sterols to cholesterol reflect absorption and synthesis activity of cholesterol, especially their changes by dietary or drug treatments in humans. Preliminary studies of the Finnish subgroup of the Scandinavian Simvastatin Survival Study (4S) 12 revealed that in relation to the placebo group, inhibition of cholesterol synthesis by simvastatin reduced the ratios of the cholesterol precursor sterols to cholesterol by up to one third for the 5-year period of the 4S, increasing correspondingly the ratios of cholestanol and plant sterols to cholesterol. Coronary patients with the highest basal ratios of cholestanol to cholesterol did not show reduced recurrence of coronary events during the simvastatin treatment, whereas those with the lowest respective ratios were benefited by simvastatin treatment compared with placebo. 13 It was tempting to interpret the findings on the basis of the different effects of statin in patients with varying absorption and/or synthesis of cholesterol. Thus, patients with a low ratio of cholestanol to cholesterol were considered to have low absorption and high synthesis of cholesterol, a situation that could be ideal for inhibition of cholesterol synthesis by statins. On the other hand, patients with a high ratio of cholestanol to cholesterol most likely had high absorption and low synthesis of cholesterol, so that the condition could be less favorable for the use of synthesis inhibitors. The purpose of the present study was to investigate the associations of baseline cholestanol with other noncholesterol sterols and cholesterol in the sera of a 4S subgroup at baseline and during the placebo and simvastatin treatment periods for up to 5 years. Major interest was focused on the lowering of serum cholesterol precursor sterols and on relating their changes to lowered serum cholesterol during simvastatin treatment of patients with variable basal ratios of cholestanol to cholesterol.
Methods

Patients
The 4S population and the intervention methods used have been published previously for the entire 4S cohort. 14, 15 The present study population included the Finnish 4S subgroup of 867 coronary patients. The serum cholesterol window was 5.5 to 8.0 mmol/L, and triglycerides were Ͻ2.5 mmol/L on a lipid-lowering diet before randomization into the placebo and simvastatin groups (nϭ434 in both groups). The simvastatin dose was initially 20 mg/d, but after 6 weeks of treatment, the dose was increased to 40 mg/d if serum cholesterol values were Ͼ5.2 mmol/L.
Analytical Methods
Serum squalene and sterols were measured by GLC. 3, 16 Thus, total cholesterol, squalene, and noncholesterol sterols, available for the entire present study, were determined from the same GLC run. For GLC, serum was saponified after addition of an internal standard (5␣-cholestane) followed by extraction of nonsaponified material and conversion to trimethylsilyl derivatives. GLC analysis was performed on a 50-m-long SE-30 column with use of an automated Hewlett Packard instrument equipped with an automated peak calculator. Each run quantified squalene, cholesterol, cholestanol, cholestenol, desmosterol, lathosterol, campesterol, sitosterol, and avenasterol, as noted in increasing order of GLC retention times. The avenasterol peak contained trace amounts of sitostanol and a methylated precursor sterol.
The noncholesterol sterols are transported in serum by lipoproteins, mainly by LDL. 10 Thus, the decrease in concentration of LDL cholesterol by simvastatin also changes the concentrations of noncholesterol sterols. Therefore, we have expressed the noncholesterol sterols in terms of millimoles per mole of cholesterol, ie, as ratios of noncholesterol sterols to cholesterol, and expressed them in the text as noncholesterol sterol ratios. Ratios of precursor sterols to plant sterols (expressed only for lathosterol/campesterol) were also calculated because this variable reflects synthesis and absorption simultaneously.
Experimental Design
Two serum samples were analyzed from each patient before randomization, and the mean value was calculated for the baseline ratio. Other analyses were made at 6 weeks, 1 year, and 5 years (indicates the end of the 5.4-year study) after baseline assessment from a single serum sample each. The cholesterol value of this method was 7.2% lower than the value of the central laboratory that was used for the entire 4S study.
The patients were ranked by baseline cholestanol ratios into quartiles (Table 1 ). This division into quartiles was used throughout the study for evaluation of the 6-week, 1-year, and 5-year cholesterol and other noncholesterol sterol values and respective changes from the baseline.
Statistical Analysis
MeanϮSD or meanϮSE values were calculated for each quartile. The baseline cholestanol ratios were correlated with the ratios of other variables at the baseline and at 1 and 5 years and with the corresponding changes from the baseline values. The differences between the quartiles, the changes from the baseline, and the differences between the placebo and simvastatin groups in the 4 cholestanol quartiles were analyzed by ANOVA. Table 1 shows the baseline values of different variables by the basal quartiles of the ratio of cholestanol to cholesterol. The cholesterol concentrations and squalene ratios were not different between the quartiles, whereas the ratios of cholestenol, desmosterol, and lathosterol significantly decreased, and those of plant sterols increased.
Results
Baseline Data
Baseline ratios of plant sterols to cholesterol were insignificantly related to cholesterol concentrations, but those of cholesterol precursors exhibited weak negative respective correlations (eg, squalene rϭϪ0.235, lathosterol rϭϪ0.140; PϽ0.001 for both). Also, the ratios of precursor sterols to plant sterols were weakly negatively related to basal choles- 
Simvastatin and Placebo Treatments
Body Weight Body weight was increased by 0.34Ϯ0.03 kg (PϽ0.001) in the whole population at 1 year and was similar in all cholestanol quartiles. At 5 years, body weight increased in the survivors by 0.70Ϯ0.06 kg (PϽ0.001) from the baseline value, and it increased gradually from the first to fourth cholestanol quartile by 0.50Ϯ0.12, 0.65Ϯ0.11, 0.68Ϯ0.14, and 0.97Ϯ0.13 kg, respectively, without specific simvastatin effect.
Cholesterol Precursors
Correlations of the baseline ratios of cholestanol to cholesterol with different lipid variables and their changes during the study period are shown in Tables 2 and 3 , respectively, for the simvastatin group. The correlations remained significantly negative in the placebo group also (not shown) throughout the study for each precursor sterol but not for squalene, which was not changed by simvastatin. The higher the basal ratios of cholestanol to cholesterol, the smaller were the reductions of the ratios of precursor sterol to cholesterol over the 5-year period (Table 3) ; this finding was significant in the placebo group only for lathosterol at 5 years (rϭϪ0.100). The absolute 6-week, 1-year, and 5-year changes in the ratios of lathosterol to cholesterol are illustrated in Figure 1 by the first and fourth basal cholestanol quartiles (similar curves for the other precursors are not shown). The second and third quartiles were mostly located between the 2 illustrated quartiles, as also shown by the correlations in Table 2 . The ratios in the placebo group tended to increase gradually from the baseline with time, especially in the fourth quartile (significantly so at 5 years). The mean 6-week reductions of cholestenol, desmosterol, and lathosterol by simvastatin were 33%, 21%, and 34% from the baseline, but the respective reductions were markedly higher in the first (42%, 26%, and 40%) than in the fourth (24%, 18%, and 30%) quartile. The reductions tended to decrease with treatment time, especially after the first year ( Figure 1) . However, the mean absolute reductions in the ratios of the precursor sterols to cholesterol from the respective placebo values were Ϸ2 times higher in the first than in the fourth quartile over the 5-year treatment period (Figure 2) . The time-dependent increase of the precursor sterol curves in Figure 1 was explainable by the respective body mass index adjustment only in the placebo group for the first quartile (PϽ0.05), but it was still significant for other curves (PϽ0.01). 
Cholestanol and Plant Sterols
The basal ratios of cholestanol to cholesterol were positively related to those of plant sterols and cholestanol also in the placebo group and to changes of plant sterols throughout the study but were negatively related to their own changes (Tables 2 and 3 ) in the placebo group throughout the study. In the placebo group, the ratios of sitosterol and especially of cholestanol to cholesterol were reduced from the basal values with time significantly more in the fourth than in the first quartile, whereas those of campesterol were similarly increased in all quartiles ( Figure 3) . Simvastatin increased the cholestanol ratios from the baseline values significantly more in the first than in the fourth quartile, whereas the highest plant sterol ratios and levels occurred in the fourth quartile (Figures 3 and 4) . The increments from the respective placebo values were higher for cholestanol in the first than in the fourth quartile, whereas for the plant sterols, the increments were higher in the fourth than in the first quartile. The differences were virtually similar between the 2 quartiles during the entire treatment period, and the difference even increased with time for campesterol in the fourth quartile.
Serum Cholesterol
In the placebo group, cholesterol did not change significantly during the 5-year period, and it was not related to the baseline cholestanol ratios at any time point ( Figure 5 ).
Serum cholesterol concentration of the survivors, defined by the first and fourth quartiles of basal cholestanol ratios, was reduced by simvastatin more in the first than in the fourth quartiles ( Figure 5 ) despite the significantly lower number of patients (21 versus 36) on high doses of simvastatin. The difference between the 2 quartiles was slight but statistically significant by ANOVA (Fϭ8.62, Pϭ0.003); at 6 weeks, the difference between the 2 quartiles was significant (PϽ0.001), and the decrease of cholesterol was higher in the first than in the fourth quartile (29.4Ϯ0.9% versus 25.6Ϯ0.9%, PϽ0.001). In addition, the baseline cholestanol ratios were positively related to the cholesterol concentrations (Table 2) in the simvastatin but not in the placebo group at 6 weeks (rϭ0.195, PϽ0.001) and 5 years (rϭ0.099, Pϭ0.048) and to cholesterol reduction at 6 weeks ( 
Discussion
The present study relates for the first time baseline cholesterol metabolism to the effectiveness of statin (1) to lower cholesterol synthesis, (2) to increase serum plant sterols, and (3) to reduce serum cholesterol concentration. In the main 4S, 
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the patients needing titration of simvastatin doses from 20 to 40 mg/d had higher basal cholesterol levels than did those not needing the titration for the insufficient cholesterol lowering. 17 Our unpublished findings on noncholesterol sterols suggest that the titrated subjects of the present series had high basal absorption and low synthesis of cholesterol and that the increase of the dose enhanced the inhibition of synthesis and lowered cholesterol.
The baseline cholestanol ratio was highly significantly related to other noncholesterol sterols (positively to the plant sterols and negatively to the precursor sterols) in the coronary subjects during the entire study period of 5 years. Similar findings were observed earlier in a small cross-sectional group of randomly selected male subjects on a normal western diet. 8 Thus, the subjects in the highest cholestanol quartile have the highest absorption efficiency and the lowest synthesis of cholesterol also among the coronary patients on a cholesterol-lowering diet.
The marked fall in the ratios of the cholesterol precursor sterols can be ascribed to simvastatin-induced inhibition of cholesterol synthesis, a finding reported earlier for different statins in small groups of short-term studies. 7,18 -22 The baseline cholestanol ratios and quartiles predicted throughout the study the precursor sterol reductions. The correlations in the simvastatin-treated patients are most likely reflecting gradually decreasing cholesterol synthesis in the patients from the lowest to the highest cholestanol quartile. Thus, the markedly higher reduction of the precursor sterol ratios in the first than in the fourth quartile ( Figure 1 ) indicates lower inhibitory action of simvastatin on cholesterol synthesis in the highest than in the lowest cholestanol quartile.
Increased body weight increases cholesterol synthesis. 23 Thus, the slight gradual increase of body weight, in proportion to the basal cholestanol quartiles, would be expected to stimulate cholesterol synthesis during the 5-year period more in the highest than in the lowest quartiles of the placebo and simvastatin groups. Accordingly, the differences between the simvastatin and placebo curves of the respective quartiles remained virtually unchanged throughout the treatment period ( Figure 2) .
Statin treatment reduces cholesterol absorption in patients with familial hypercholesterolemia, 20 in experimental animals on a high but not on a low cholesterol diet, 24, 25 and in patients with no familial hypercholesterolemia. 18 The increased ratios of cholestanol and plant sterols during the simvastatin treatment have been interpreted in our earlier statin studies 18 -20,26 to indicate reduced turnover of cholesterol by decreased synthesis, resulting in reduced biliary elimination of sterols, especially in the fourth quartile, with highest sterol absorption. Reasons are not known for the different responses of cholestanol ratios, especially in relation to campesterol (Figure 3) , and for the reduction of cholestanol and sitosterol in the placebo group during the 5-year period. It should be borne in mind that the increase of body weight reduces the absorption efficiency of cholesterol and serum plant sterol ratios. 27, 28 The increased ratios of the plant sterols during the simvastatin treatment in the fourth quartile raise a question about their atherogenicity. Namely, phytosterolemia is strongly atherogenic, 29, 30 and high plant sterol levels have been suggested to provoke coronary heart disease even in nonsitosterolemic subjects. 31 Not only the ratios but also the final 5-year campesterol and sitosterol concentrations were increased in the survivors despite reduced LDL cholesterol concentration, from the usual basal values of Ͻ1 mg/dL up to 2.8 and 1.5 mg/dL, respectively. Exchange of this type of sterol mixture with cholesterol of cell membranes or transfer, for instance in LDL, in the arterial walls of the patients may be functionally harmful, as evidenced by phytosterolemia. The atherogenic limit of plant sterol concentrations or of the ratios of plant sterols to cholesterol is not known, but in phytosterolemia, sitosterol concentrations, usually 10 to 30 mg/dL, 32 are associated with coronary artery disease at a young age.
It is tempting to suggest that the high baseline absorption and low synthesis of cholesterol results in a less favorable cholesterol lowering in the highest cholestanol quartile. In fact, the higher the basal cholestanol quartile, the lesser was the fall in the serum cholesterol concentration and the higher was the final treatment level of cholesterol even in long-term simvastatin treatment of coronary patients ( Figure 5 ). Despite markedly higher reduction of cholesterol synthesis (lowered precursor ratios) by simvastatin in the patients in the lowest versus the highest cholestanol quartile, the respective difference in the serum cholesterol level was markedly lesser. This cholesterol difference alone could not be responsible for the different clinical response 13 ; something else, eg, serum plant sterols, would have to be contributing. The change in cholesterol synthesis is weakly related to serum cholesterol lowering, as illustrated by sterol balance studies showing virtually no change or slight reduction in the overall synthesis of body cholesterol and a marked decrease in serum cholesterol by statins. 18, 26, 33 However, in contrast to sterol balance data, the precursor sterol ratios usually show marked decreases during statin treatment. On the other hand, cholestyramine and stanol esters markedly increase cholesterol synthesis, but they do not consistently lower serum cholesterol. 34, 35 A highly significant negative correlation of the basal cholestanol ratio with ratios of the cholesterol precursor sterols and a positive correlation with ratios of the plant sterols for up to 5 years indicated that the high basal cholestanol quartile still predicted high absorption and low synthesis of cholesterol even for the 5-year survivors in the simvastatin-treated group. Thus, these patients with the high basal cholestanol ratios should be treated with combined stimulation and inhibition of cholesterol synthesis from the very beginning of hypolipidemic treatment. For instance, starting treatment with resins or plant stanol esters stimulates synthesis by respective malabsorption of bile acids or cholesterol, followed by statin-induced inhibition of synthesis in resistant cases. 13, 36 Replacement of normal dietary fat intake by the same amount of plant stanol ester margarine during a chronic simvastatin treatment actually revealed a more consistent (Ϸ10%) fall in the serum cholesterol level of coronary patients with a high versus a low basal cholestanol ratio. 37 
